Introduction {#sec1-1}
============

Rheumatoid arthritis (RA), a systematic auto-immune disorder with progressive articular damage, could result in destruction of bone and cartilage and even life-long disability ([@ref1]-[@ref3]). Fibroblast-like syno-viocytes (FLS) are one of the most important cell types in synovial joint tissue and the increased invasiveness of these cells in RA patients is closely associated with RA pathogenesis and progression ([@ref4], [@ref5]). Matrix metalloproteinases (MMPs) are enzymes that can degrade all components of the extracellular matrix. A previous study has shown that FLSs from RA patients could aberrantly produce high levels of a variety of MMPs including MMP~1~, MMP~3~, and MMP~13~; the elevated MMPs in return, promote FLSs invasiveness which consequently leads to RA progression ([@ref6], [@ref7]). After years of research, more detailed mechanism underlying RA pathogenesis and progression has been revealed, however, effective treatment strategies for RA still remain to be further developed.

MicroRNAs (miRs) are short non-coding RNAs that can modulate gene expression at posttranscrip-tional level. In recent years, aberrant expression of many miRs have been identified to be associated with various types of diseases including cancer, cardiovascular diseases, and RA, while the regulation of these miRs may offer approaches to treat such diseases ([@ref8]-[@ref10]). In RA, unusual expression profiles of more than 40 miRs including miR~21~ have been detected. However, little is known about their role in RA pathogenesis and progression as well as their potential as therapeutic targets.

MiR~21~, although its role in RA has not been understood, has been shown to regulate tumor cell invasion in some cancers like esophagus and colon cancers through TGF-~β~/Smads signaling pathway ([@ref11], [@ref12]). In this study, we investigated the effect and underlying mechanisms of miR~21~ inhibition on the invasiveness of RA FLSs. The outcome of the study could provide new approach to RA treatment by targeting miR~21~.

Materials and Methods {#sec1-2}
=====================

 {#sec2-1}

### Samples {#sec3-1}

All human samples used in this study were collected from The First People's Hospital of Hefei from August, 2013 to March, 2015. A total number of 15 RA cases (female, 9 cases) were recruited according to the ACR/EULAR 2010 criteria for RA ([@ref13]). Of the 15 RA patients, 10 were in stage III while the other 5 were in stage IV. The recruited patients did not receive drug treatment before the surgery. In parallel, 15 cases of sex- and age-matched non-RA controls were recruited from trauma patients who needed amputation. All recruited subjects were free of cardiovascular, infectious, and other inflammatory diseases. Tissue samples of synovial membrane were collected from all subjects and either used for FLSs isolation or frozen at -80 °C. Informed written consents were obtained from all patients. The protocols involving human specimens were in accordance with the Declaration of Helsinki and were reviewed by the institutional ethical review board ([@ref14]).

### Fibroblast-like synoviocytes isolation and culture {#sec3-2}

FLSs were isolated from synovial membrane tissues as previously described with modifications ([@ref15]). In brief, synovial membrane tissues were first washed with PBS and adipose tissue was removed. Subsequently, tissues were cut into small pieces and digested with Collagenase/Dispase (2 mg/ml, Roche) and DNase I (0.1 mg/ml, Roche) in Dulbecco's modified eagle medium (DMEM\[lz2\]) for 1 hr, at 37 °C. After digestion, tissue pieces were forced through cell strainer (BD Biosciences) to obtain single cell suspension. At last, FLSs were obtained by centrifugation and cultured in DMEM supplemented with 10% Fetal Bovine Serum (FBS\[lz3\]) (GIBICO, Thermo Scientific), 100 U/ml penicillin, and 100 U/ml streptomycin (Sigma-Aldrich).

### MiR21 quantification {#sec3-3}

Quantification of miR~21~ was performed with real-time qPCR as previously described with modifications ([@ref16]). In brief, total RNA containing small size RNA was extracted using High Pure miRNA Isolation Kit (Roche) and then miR~21~ expression was determined using Hairpin-it miRNA real-time PCR Quantitation Kit (GenePharma). U~6~ snRNA was used as an internal control and the miR~21~ level was calculated using the 2^−^Δ*^CT^* method.

### MiR21 inhibitor transfection {#sec3-4}

MiR~21~ specific inhibitor and corresponding negative control (NC) were purchased from Thermo Scientific. Transfection of miR~21~ inhibitor and NC into FLS was performed using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions.

### Cell viability assay {#sec3-5}

Cell viability was assessed by MTT assay as previously described ([@ref17]). FLSs were first transfected with miR~21~ inhibitor or (NC). After 48 hr, cell culture was removed and cells were treated with MTT solution (Sigma-Aldrich) for 4 hr followed by the addition of DMSO (Sigma-Aldrich) for 10 min. Then, the optical density (OD) value was read at 570 nm.

### Cell invasion assay {#sec3-6}

The invasiveness of FLSs was assessed using a Matrigel coated Transwell system ([@ref18]). FLSs were first transfected with miR~21~ inhibitor or NC for 48 hr, and then were transferred into Matrigel-coated (1 mg/ml, BD Biosciences) Transwell inserts with 8 mm pore size. The plate was then incubated at 37 °C for 18 hr. Post-incubation, Matrigel inserts were fixed with paraformaldehyde and stained with crystal violet. Cells migrated to the lower surface of the inserts were counted under the microscope. Five random fields were counted for each insert.

### RT-PCR {#sec3-7}

Total RNA was extracted from FLSs and reverse-transcribed into cDNA using Trizol reagent (Invitrogen) and M-MLV reverse transcriptase (Promega), respectively, following the manufac-turer's instructions. Then target genes were amplified using specific primer pairs with cDNA as template. Relative expression was calculated by grey-scale scanning of gel separated PCR products using GAPDH as an internal control. The primer pairs used in the study are listed in [Table 1](#T1){ref-type="table"}.

###### 

Primers for real-time PCR

  Gene                                      Primers (5'-3')
  ----------------------------------------- ---------------------------------------------
  TGF-β1                                    [**For:**]{.ul} CTGCTACCGCTGCTGCTGTGGCTACTG
  [**Rev:**]{.ul} CGGTCGCGGGTGCTGTTGT       
  Smad4                                     [**For:**]{.ul} TGCTGTGCAAAGTGTTCAGGTG
  [**Rev:**]{.ul} CCATCGGGTATCTGGAGTAAGGA   
  Smad7                                     [**For:**]{.ul} TAGCCTTGTCAGATAAGGAAGGA
  [**Rev**]{.ul}: CACCCACACACCATCCACG       
  GADPH                                     [**For:**]{.ul} AGCCACATCGCTCAGACA
  [**Rev:**]{.ul} TGGACTCCACGACGTACT        

For: Forward primer; Rev: Reverse primer

### Western blot {#sec3-8}

FLSs with or without TGF~β1~ treatment were first transfected with miR~21~ inhibitor or NC for 48 hr, and then were harvested and lysed using radioimmuno-precipitation (RIPA) solution. Whole cell lysates were subsequently separated by SDS-PAGE and transferred onto a PVDF membrane (Millipore). Membrane was then blocked with 5% non-fat milk and incubated with specific primary antibodies and corresponding secondary antibodies for 2 and 1 hr at room temperature, respectively. After incubation, membrane was extensively washed and immune-reactive bands were visualized using ECL substrate (Biotime). The relative expression of the target genes was calculated by gray-scale scanning using Quantity One software (Bio-Rad).

### Statistical analysis {#sec3-9}

All data were expressed as mean ± SD and statistical analysis was performed with SPSS 17.0 (SPSS, Inc.). Student's *t* test was adopted for comparisons between two groups and One-way ANOVA with SNK *post hoc* was used for multiple comparisons. A *P* value less than 0.05 was considered statistically significant.

Results {#sec1-3}
=======
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### MiR~21~ is elevated in synovial tissue and fibroblast-like synoviocytes in RA patients {#sec3-10}

We first tested the miR~21~ expression in synovial tissue and FLSs in RA patients. Synovial tissue samples and FLSs were isolated from both non-RA controls and RA patients, and miR~21~ expression was quantified. As shown in [Figure 1](#F1){ref-type="fig"}, miR~21~ level was significantly increased in both synovial tissue and FLSs in RA patients, indicating that aberrant miR~21~ expression is probably associated with RA.

![MiR-21 expression is elevated in synovial tissue and FLS cells in RA patients. Synovial tissue samples and FLS cells were isolated from non-RA controls and RA patients, and miR-21 level was determined by stem-loop RT-PCR. All samples were performed in triplicates for each condition. Data shown are mean ± SD of three independent experiments. \*\*\*, *P*\<0.001](IJBMS-19-787-g001){#F1}

### MiR~21~ inhibitor decreases the invasiveness of fibroblast-like synoviocytes {#sec3-11}

Since miR~21~ was detected to be likely associated with RA, we further investigated whether inhibition of miR~21~ could offer an approach to treat RA. The invasiveness of FLSs plays an important role in RA pathogenesis, therefore we tested the inhibition of miR~21~ using miR~21~ inhibitors. FLSs were first treated with miR~21~ inhibitor or negative control (NC), and then cell viability and invasiveness were determined. The results showed that miR~21~ inhibitor, but not miR~21~ NC, treatment could significantly decrease the invasiveness of FLSs while not showing apparent impact on cell viability ([Figure 2 A](#F2){ref-type="fig"}-[C](#F2){ref-type="fig"}). After miR~21~ inhibitor treatment, the invasion ability of FLSs decreased to 47%, comparing to that of NC treatment ([Figure 2 B](#F2){ref-type="fig"}-[C](#F2){ref-type="fig"}). These results together indicated that miR~21~ inhibitor treatment could suppress the invasion of FLSs, but not affect the viability of the cells.

![MiR-21 inhibitor treatment decreases the invasiveness of FLS cells. FLS cells were first treated with miR-21 NC or inhibitor, and then (A) cell viability was determined by MTT assay and (B and C) cell invasion was measured by Matrigel-coated Transwell system. (A) Data shown are mean±SD of three independent experiments. (B) Representative results are shown. (C) Data shown are mean±SD of three independent experiments. NS, statistically not significant; \*\*, *P*\< 0.01](IJBMS-19-787-g002){#F2}

### MiR~21~ inhibitor down-regulates the expression of MMP1, MMP3, and MMP~13~ {#sec3-12}

MMPs are enzymes that can degrade all the components of the extracellular matrix and conse-quently enhance cell migration and invasion. In RA, MMP~1~, MMP~3~, and MMP~13~ have been found to be at high levels and partially responsible for the increased invasiveness of FLSs in RA patients ([@ref6], [@ref7]). In this study, we then determined whether the suppression of FLSs invasion via miR~21~ inhibition was achieved by down-regulation of MMPs expression. Western blot analysis of MMP~1~, MMP~3~, and MMP~13~ showed that the expression of all three MMPs was decreased in FLSs after miR~21~ inhibitor treatment ([Figure 3 A](#F3){ref-type="fig"}-[B](#F3){ref-type="fig"}). Notably, the down-regulation efficiency of miR~21~ inhibitor on the three MMPs was quite different. MMP~1~ was the one showed the sharpest decrease (18% of NC group), followed by MMP~13~ (30% of NC group), while the least decreased expression was seen in MMP~3~ (36% of NC group).

![MiR-21 inhibitor treatment down-regulate the expression of MMP-1, MMP-3 and MMP-13. FLS cells were first treated with miR-21 NC or inhibitor, and then cells were harvested and the expression of MMP-1, MMP-3 and MMP-13 was determined by Western blot. (A) One representative result out of three is shown. (B) Gray-scale of the immune-bands were measured by Quantity One software and the relative expression of MMP-1, MMP-3 and MMP-13 to the internal control GAPDH was calculated. Data shown are mean±SD of three independent experiments. \*\*, *P*\<0.01](IJBMS-19-787-g003){#F3}

### MiR~21~ inhibitor decreases fibroblast-like synoviocytes invasion through TGF~β1~/Smads signaling pathway {#sec3-13}

In esophagus and colon cancers, miR~21~ enhances tumor cell invasion through TGF~β~/Smads signaling pathway ([@ref11], [@ref12]). Here we also investigated the involvement of TGF~β~/Smads signaling pathway in miR~21~-associated FLSs invasion in RA, and the effect of miR~21~ inhibition suppression of this signaling pathway. Within TGF~β~/Smads signaling pathway, Smad~4~ is the common-mediator participating in the pathway, while Smad~7~ is the inhibitory regulator which blocks the activation of this pathway ([@ref19], [@ref20]).

First, we determined the expression profiles of TGF~β1~, Smad~4~, and Smad~7~ on both mRNA and protein levels in miR~21~ inhibitor or NC treated FLSs. As shown in [Figure 4](#F4){ref-type="fig"}, miR~21~ inhibitor treatment changed the expression pattern of the three proteins; TGF~β1~ and Smad~4~ exhibitted decreased expression, while Smad~7~ showed increased expression at mRNA level ([Figure 4A](#F4){ref-type="fig"} and [C](#F4){ref-type="fig"}). Similar results were observed regarding their expression at protein level ([Figure 4B](#F4){ref-type="fig"} and [D](#F4){ref-type="fig"}).

![The effect of miR-21 inhibitor treatment on expression of TGF-β/Smads signaling pathway proteins. FLS cell were first treated with miR-21 NC or inhibitor, and then cells were harvested and the expression of TGF-β1, Smad4 and Smad7 on mRNA (A and C) and protein (B and D) levels was detected by RT-PCR and Western blot, respectively. (A and B) One representative result out of three is shown. (C and D) Gray-scale of the immune-bands were measured by Quantity One software and the relative expression of TGF-β1, Smad4 and Smad7 to the internal control GAPDH was calculated. Data shown are mean±SD of three independent experiments. \*, *P*\<0.05; \*\*, *P*\<0.01; \*\*\*, *P*\<0.001](IJBMS-19-787-g004){#F4}

To further confirm the role of TGF~β1~ in miR~21~ inhibitor suppression of FLSs invasion, miR~21~ inhibitor treated FLSs were then treated with or without TGF~β1~, and the invasiveness and MMPs expression level were determined. The invasion assay showed that the decreased invasiveness of miR~21~ treated FLSs could be restored by the additional treatment of TGF~β1~ ([Figure 5A](#F5){ref-type="fig"} and [C](#F5){ref-type="fig"}). Similarly, TGF~β1~ treatment could counteract the impact of miR~21~ inhibitor on expression of MMP~1~, MMP~3~, and MMP~13~ ([Figure 5B](#F5){ref-type="fig"} and [D](#F5){ref-type="fig"}). These data indicated that TGF~β1~/Smads pathway was involved in miR~21~ associated FLSs invasion, and the inhibition of miR~21~ could suppress the invasiveness of FLSs through the same pathway.

![TGF-β1 treatment counteracts the suppression of miR-21 inhibitor on FLS invasion. FLS cells were first treated with miR-21 NC, inhibitor or miR-21 inhibitor + TGF-β1, and then (A and C) cell invasion was detected by Matrigel-coated Transwell system while (B and D) MMP-1, MMP-3 and MMP-13 expression was determined by Western blot. (A and B) One representative result out of three is shown. (C) Data shown are mean±SD of three independent experiments. (D) Gray-scale of the immune-bands were measured by Quantity One software and the relative expression of MMP-1, MMP-3 and MMP-13 to the internal control GAPDH was calculated. Data shown are mean±SD of three independent experiments \*, *P*\<0.05; \*\*, *P*\<0.01](IJBMS-19-787-g005){#F5}

Taken together, our results demonstrated that miR~21~ was aberrantly elevated in RA synovial tissue and FLSs, and inhibition of miR~21~ could down-regulate the expression of MMPs in FLSs and consequently suppress the invasiveness of FLSs. This suppression of FLSs invasion by inhibition of miR~21~ was through TGF~β1~/Smad~4/7~ signaling pathway.

Discussion {#sec1-4}
==========

RA is a systematic autoimmune disorder which affects joints and results in destruction of bone and cartilage and even life-long disability. Up to now, no cure for RA is available. Current treatment strategies for RA aim to reduce joint inflammation and pain, maximize joint function, and prevent joint destruction ([@ref21]). Therefore, development of effective treatment strategies for RA is essentially needed. In the current study, we tested the efficacy of an inhibitor targeting miR~21~, an aberrantly expressed miR in RA, in suppressing FLSs invasion. Our results demonstrated that miR~21~ inhibitor could significantly reduce the invasiveness of FLSs, and this suppression was achieved through TGF~β1~/Smad~4/7~ signaling pathway. The findings of our study indicate a novel approach in RA treatment and warrant further investigation on pre-clinical and clinical trials.

MicroRNAs have been found to be associated with a variety of diseases including cancer, inflammation, cardiovascular disorder, and autoimmune diseases, and treatment targeting microRNAs has been believed to be a promising approach ([@ref22]-[@ref25]). MiR~21~, although its significance in RA has not been previously understood, has been reported to closely correlate to esophagus and colon cancers through TGF~β~/Smads signaling pathway ([@ref11], [@ref12]). Consistent with previous findings in other diseases, our results in this study also revealed that TGF~β~/Smads signaling pathway was involved in the regulation of miR~21~, and the inhibition of miR~21~ could restored the balance of the pathway and consequently reduce FLSs invasion. Moreover, our study further revealed that miR~21~ through TGF~β~/Smads signaling pathway could result in variated MMPs expression. MMPs are contributing factors to invasiveness of FLSs, and miR~21~ inhibitor could decrease MMPs expression, consequently rendering in reduced FLSs invasion. Notably, previous study by Wang *et al* has\[GK4\] identified 40 aberrantly expressed microRNAs in RA patients, and miR~21~ was only one out of 40 ([@ref26]). Therefore, whether other microRNAs could be adopted as RA treatment targets like miR~21~ warrants further studies.

For disease management, potential treatment candidates should bear the following characteristics besides efficacy: high specificity, non- or low toxicity, and easy-to-use. In the current study, we also tested the cell toxicity of miR~21~ inhibitor to FLSs. And our results showed that this inhibitor was non-toxic to FLSs with cell viability similar to control group. However, as a proof of concept study, we adopted liposome transfection to deliver miR~21~ inhibitor into cells, which might be not applicable in clinical use. Therefore, drug delivery method optimization before clinical use is required if treatment using miR~21~ proves effective in high level evaluations.

Conclusion {#sec1-5}
==========

Our results demonstrated that miR~21~ was aberrantly elevated in RA synovial tissue and FLSs, and inhibition of miR~21~ could down-regulate the expression of MMPs in FLSs, and consequently suppress the invasiveness of FLSs. This suppression of FLSs invasion by inhibition of miR~21~ was through TGF~β1~/Smad~4/7~ signaling pathway. The findings of this study indicated that inhibition of miR~21~ might offer a novel approach for RA treatment.
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